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 Chitosan/silica hybrid microspheres were successfully prepared by microﬂuidics.
 The porous hybrid microspheres have better mechanical property.
 Porous hybrid microspheres have advantage in adsorption of heavy metal ions.
 The adsorption rate of the porous hybrid microspheres was two times faster.
 The adsorption capacity was increased by 25%.a r t i c l e i n f o
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Waste water with heavy metal ions has been of great concern because of its increased discharge, toxic
and some other bad effects on human beings or the environment. In this article, monodispersed chito-
san/silica hybrid microspheres with porous structure and large speciﬁc surface area were successfully
prepared by using microﬂuidic technology and they have advantages in mechanical property and adsorp-
tion of heavy metal ions such as Cu(II). In the optimum condition, porous chitosan/silica hybrid micro-
spheres with 1.0 wt.% TEOS in the dispersed phase and pre-solidiﬁed for 3 h have enhanced
mechanical intensity, faster adsorption kinetic and larger equilibrium adsorption amount of Cu(II) com-
pared to the porous chitosan microspheres. The mechanical intensity and adsorption rate of the porous
hybrid microspheres were 1.5 times and two times of porous chitosan microspheres, respectively. Mean-
time, the adsorption capacity was increased by 25%. The porous hybrid microspheres have good poten-
tials in the applications of removing heavy metal ions from waste water.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Chitosan, the second most abundant polysaccharide after cellu-
lose, is the only base polysaccharide in nature and is non-toxic, bio-
compatible, biodegradable and low cost. Chitosan has one primary
amino and two free hydroxyl groups for each C6 unit. Although
chitosan is insoluble in a weak base, water or organic solvents, it
is soluble in dilute aqueous acidic solution. In the recent years,
as a type of functional materials with good properties, chitosan
has great potential applications in the adsorption and isolation of
protein and heavy metal ion, catalytic carrier, enzyme immobiliza-
tion and drug controlled release in the form of ﬁber, membrane,
microspheres and capsules. Since amino groups have strong chela-tion with metal ions, chitosan is applied in the adsorption of heavy
metal ions to achieve water puriﬁcation and heavy metal recovery.
In the application of removing heavy metal ions, chitosan is of-
ten prepared as hydrogel microspheres instead of ﬂakes or powder.
On one hand, because raw chitosan can be characterized as a crys-
tallized polymer, metal ions could only be adsorbed onto the amor-
phous region of the crystals [1]. Chitosan hydrogel microspheres
can improve the adsorption capacity by reducing the crystallinity
through the gel formation process [2]. On the other hand, micro-
spheres can provide the potential for regeneration and reuse after
heavy metal ion adsorption [2,3]. Although mechanical stirring, the
most common used method, is feasible for the preparation of
microspheres, there are considerable drawbacks such as unstable
yield, non-uniform particle sizes with wide size distributions, lack
of process repeatability and a batch process. In addition, the nano-
sized or submicron microspheres usually obtained by this method
is hard to be recovered [4]. So it is very important to develop facile
and controllable approaches for the preparation of chitosan
microspheres.
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compact chitosan microspheres to adsorb heavy metal ions [3]. It
is mainly because that there is large mass transfer resistance when
the metal ions diffuse into the microspheres. In order to enhance
the adsorption kinetics, chitosan microspheres are usually pre-
pared with porous structure [5,6]. Zeng et al. [7] prepared porous
chitosan microspheres by adding poly(ethylene glycol) (PEG) as
the pores template. Because PEG added in microspheres can dis-
solve in water when microspheres are washed by water, then a
lot of pores can be formed both on the surface and inside the
microspheres. As predicted, porous chitosan microspheres have
higher adsorption rate than compact chitosan microspheres. How-
ever, the porous chitosan microspheres have poor mechanical
property which has bad effect on the practical applications. So
the preparation of porous chitosan microspheres with good
mechanical property and fast adsorption rate is imperative.
Recently, many researchers try to composite chitosan with
other materials and organic–inorganic hybrid materials have po-
tential advantage in the enhancement of mechanical intensity.
The development of advanced materials by combining macromol-
ecules with inorganic species has become one of the most innova-
tive research area [8]. These hybrid materials can show improved
catalytic, optical, thermal and mechanical properties, due to syner-
gistic effects resulting from the physical or chemical interactions
between inorganic and organic components. Therefore, they have
great applications in diverse ﬁelds, such as separation techniques,
catalysis, smart coating, sensors, and immobilization of enzymes
[9–11]. Different polysaccharides/mineral oxides have been re-
ported, such as cellulose/silica [12] chitosan/silica [13,14] chito-
san/titania [15] and chitosan/Zeolite A [16]. Among these hybrid
materials, it has been proved that the enhanced mechanical prop-
erty can be obtained in the hybrid material of chitosan/silica [17].
Furthermore, silica has superior properties of biocompatibility,
insolubility, mechanical stability and adsorption [18]. Therefore,
the compositing of chitosan/silica is a good approach to improve
the mechanical property and adsorption performance of chitosan
microspheres.
In the past decade, microﬂuidic methods have been developed
as the novel approach for the controllable synthesis of monodi-
spersed microspheres with different structures [19–21]. Highly
monodispersed droplets with narrow size distribution and spheri-
cal polymeric microspheres can be obtained using microﬂuidic
methods in a continuous process. Lan et al. [17] prepared monodi-
spersed chitosan/silica hybrid microspheres with enhanced
mechanical intensity using microﬂuidic methods. But the micro-
spheres are so compact that the adsorption rate is slow and the
speciﬁc surface area is so small that the adsorption capacity is rel-
atively small.
In this article, we developed a simple microﬂuidic approach to
prepare porous chitosan/silica hybrid microspheres with enhanced
mechanical intensity and better adsorption performance based on
our previous work [22,23]. Compared with porous chitosan micro-
spheres, the porous chitosan/silica hybrid microspheres cannot
only accelerate the adsorption kinetic of Cu(II), but also increase
the adsorption capacity. Furthermore, the hybrid microspheres
can provide enhanced mechanical property.2. Experimental section
2.1. Materials
Chitosan (0.20 g) with an average molecular weight of 180 kD
(purchased from Yuhuan Ocean Biochemical Co., Ltd., Zhejiang,
PR China) and a certain amount of tetraethoxysilane (TEOS) was
dissolved in acetic acid (0.20 g, purchased from VAS ChemicalCo., Ltd., Tianjin, PR China) to prepare a polymer aqueous solution
(10.0 g). The aqueous phase was used as the dispersed phase in our
experiments to form monodispersed droplets. Triotylamine (TOA)
(30.0 g) dissolved in n-octanol (100.0 g, all purchased from VAS
Chemical Co., Ltd., Tianjin, PR China) was used as the continuous
phase. Glutaraldehyde (0.040 g, purchased from VAS Chemical
Co., Ltd., Tianjin, PR China) dissolved in n-octane (10.0 g) was used
as the solidiﬁcation bath and glutaraldehyde was used as the cross-
linking reagent.
2.2. Microﬂuidic device
The microﬂuidic device was fabricated on two 50 mm 
30 mm  3 mm PMMA plates using micromachining technology
(Fig. S1). A stainless steel needle with 0.3 mm/0.16 mm outer/inner
diameter was inserted as the dispersed phase channel. A Teﬂon
tube with 0.9 mm inner diameter was inserted as the continuous
phase inlet and the multiphase ﬂow’s channel to form the co-axial
structure. The microﬂuidic device was obtained by sealing the two
PMMA plates together. Two microsyringe pumps and three gas-
tight microsyringes were used to pump the ﬂuids into the micro-
ﬂuidic device. The droplets forming in the Teﬂon tube were
collected with a solidiﬁcation bath placed on a shaker.
2.3. Preparation of monodispersed porous chitosan microspheres and
chitosan/silica hybrid microspheres
The preparation process of chitosan microspheres is described
in detail in our previous work [22]. To prepare porous chitosan
microspheres, the aqueous solution with 2.0 wt.% chitosan and
2.0 wt.% acetic acid served as the dispersed phase, was injected
into the microchannel and broken up into monodispersed droplets
by the shear force of the continuous ﬂow. An n-octanol solution
with 30.0 wt.% TOA was used as the continuous phase. 0.5 wt.%
glutaraldehyde added into n-octane was used as the solidiﬁcation
bath. The acid–base neutralization effect, Schiff’s base reaction be-
tween glutaraldehyde and chitosan and the extraction of water by
n-octanol were employed to solidify the droplets in the solidiﬁca-
tion bath. The microspheres with different solidiﬁcation time were
obtained by controlling droplets shaken in the solidiﬁcation bath
for different time. Finally, the spheres were washed with n-octane
and freeze-dried.
To prepare chitosan/silica hybrid microspheres, 0.50–2.0 wt.%
TEOS and 2.0 wt.% chitosan were added into the aqueous solution
with 2.0 wt.% acetic acid and then stirred for 12 h at room temper-
ature to obtain a clear chitosan–silica sol. The chitosan–silica sol
was served as the dispersed phase and then hybrid microspheres
can be obtained in the same way mentioned above. The only differ-
ence was that the spheres would be dried by freezing-drying only
after submerging them in the n-octane for 24 h to ensure the gela-
tion of silica.
2.3.1. Characterization of microspheres
Droplets and microspheres were ﬁrst observed with an optical
microscope (Type BX-61, Olympus, Japan) and an on-line CCD
(Pixelink, Canada). A scanning electron microscopy (SEM, type
TM3000 and JSM-6301F, Hitachi, Japan) was used to observe the
detailed structures of microspheres and analyze the energy spec-
trum. Nitrogen adsorption/desorption isotherms were measured
at 77 K using a Quantachrome Autosorb-1-C Chemisorption-Phys-
isorption Analyzer. The BET surface area was calculated from the
adsorption branches in the relative pressure range of 0.05–0.25,
and the total pore volume was evaluated at a relative pressure of
about 0.99. The pore size distributions were calculated using the
Barrett–Joyner–Halenda (BJH) method.
Fig. 1. (a and b) Micrographs of the chitosan or chitosan/silica hybrid droplets; (c and d) Results of the energy spectrum of chitosan/silica hybrid microspheres; (e and f) SEM
images of porous chitosan microspheres; (g and h) SEM images of chitosan/silica hybrid microspheres; (i) Adsorption kinetic curve; and (j) Results of mechanical properties of
porous chitosan microspheres and hybrid microspheres.
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Table 1
The comparison of structure of the hybrid microspheres.
Microspheres type Pore volume
(ml/g)
Average pore
diameter(nm)
BET surface
area (m2/g)
Previous work [17] 0.0045 23.9 /
This work 0.15889 4.265 158.65
Table 2
The BET results of the hybrid microspheres.
Microspheres
1% TEOS
Pore volume
(ml/g)
Average pore
diameter(nm)
BET surface
area (m2/g)
Solidiﬁed for 3 h 0.15889 4.265 158.65
Solidiﬁed for 7 h 0.1223 2.187 140.36
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Aqueous solution of Cu(II) with different initial concentration
was obtained by dissolving a certain amount of CuSO45H2O
into deionized water. 0.030 g microspheres were added into
25 ml aqueous solution which was placed in a water-bath sha-
ker under 30 C, 130 rpm. The initial pH and initial volume of
Cu(II) aqueous solution were both uniform. A ﬁxed volume of
solution was taken out at ﬁxed time intervals and analyzed
with a Raman atomic absorption spectrophotometer (Type
Z-5000, Hitachi, Japan) to get the concentration of Cu(II). The
adsorbed amount of Cu(II) per unit weight of the microspheres
at time ti, q(ti) (mg/g), was calculated from the mass balance
equation as:Fig. 2. SEM images of chitosan/silica hybrid microspheres with different solidiﬁcation tim
microspheres solidiﬁed for 2 h, 3 h, 5 h, 7 h and 9 h respectively.qðtiÞ ¼ C0V0 
Pi1
1 CiV  Ci½V0  ði 1ÞV 
m
where C0 and Ct (mg/l) are the initial Cu(II) concentration and the
Cu(II) concentration at time t, respectively, V is the volume of the
solution at time ti (samples taken for Cu concentration analysis
were not returned to the beaker), and m is the weight of the micro-
spheres added into the beaker.
2.4. Characterization of the mechanical property
The mechanical property was measured by the self-made
equipment (Fig. S2) [17]. Three uniform-sized microspherese. (a) is the microspheres solidiﬁed for 3 h. (b–c), (d–e), (f–g), (h–i) and (j–k) are the
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Fig. 3. The adsorption kinetic curves of hybrid microspheres with different
solidiﬁcation time.
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Then weights were added onto the center of the glass slide one
by one until at least one of the microspheres was broken. The pro-
cess was operating under the microscope to observe whether the
sphere was broken or not. Mechanical intensity was calculated
by dividing the spheres’ weight bearing with the whole sectional
area of the three spheres.
3. Results and discussion
3.1. Formation and characterization of the porous chitosan and
chitosan/silica hybrid microspheres
Dispersed phase was separated into monodispersed droplets by
the shearing force of continuous phase in the co-axial microchan-
nel. Chitosan reacted with glutaraldehyde diffused into the droplet
via the Schiff’s base reaction, the water was synchronously ex-
tracted out of the droplets by the n-octanol in the solidiﬁcation
bath and TOA neutralized the acetic acid in the droplets when
the droplets were shaken in the solidiﬁcation bath. Then monodi-
spersed porous chitosan or chitosan/silica hybrid microspheres
could be obtained. And chitosan or chitosan/silica hybrid micro-
spheres with different solidiﬁcation time could be obtained by con-
trolling their residence time in the solidiﬁcation bath.
The typical porous chitosan microspheres and chitosan/silica
hybrid microspheres (1.0 wt.% TEOS and 2.0 wt.% chitosan in the
dispersed phase, solidiﬁed for 3 h) were used as samples to com-
pare their properties. It shows that the droplets had good spheric-
ity and uniform size distribution in Fig. 1a and b. The energy
spectrum results in Fig. 1c and d show that the silica was compos-
ited in the microspheres successfully. This one-step preparation
method of hybrid microspheres made the whole process easily.
Then by comparing Fig. 1e–h, the difference between pure chitosan
microspheres and hybrid microspheres could be found. Porous
chitosan microspheres had relatively large pores no matter on
the surface or inside the microspheres, while the hybrid micro-
spheres showed spongy pores. It was because that the existence
of silica hindered the contact between amine and aldehyde group
to a certain extent and it took a long time for silica sol transferring
to silica gel. Then the solidiﬁcation velocity was lowered. There-
fore, the hybrid microspheres would be easy to form spongy pores,
and they would have larger speciﬁc surface area than the porous
chitosan microspheres, which was helpful for the adsorption of
Cu(II). This also could be proved in Fig. 1i. It showed that the chito-
san/silica hybrid microspheres could accelerate the adsorption
kinetics and increase the equilibrium adsorption capacity. The hy-
brid microspheres could reach adsorption equilibrium at about 6 h
and it was two times faster than the porous chitosan microspheres.
Meanwhile, the equilibrium adsorption amount was about
53.0 mg/g for hybrid microspheres but 43.0 mg/g for porous chito-
san microspheres. Furthermore, the hybrid microspheres also had
higher mechanical intensity than the chitosan microspheres, as
shown in Fig. 1j.
The application object and requirement of the pore size of the
microspheres here is different to that in our previous work [17].
In the previous work, the hybrid microspheres were used to adsorb
large molecules as protein BSA (molecular diameter > 20 nm), and
the pore size of microspheres should be larger than 20 nm so that
BSA could diffuse into the microspheres successfully. So oleic acid
was used to decrease the water extraction ability of the organic
phase, and relatively high concentration of TEOS (5%) was used
to form pores larger than 20 nm in our previous work [17]. While
in this work, the porous hybrid microspheres are used to adsorb
smaller metal ions Cu(II) (<1 nm). So smaller pore size and larger
speciﬁc surface area of the porous microspheres is better. We did
not use oleic acid in the continuous phase. In addition, by reducingthe concentration of TEOS (<2%), we successfully prepared porous
microspheres with smaller pore size (<5 nm) and larger speciﬁc
surface area (>150 m2/g) which is beneﬁcial for adsorption of
Cu(II). These can provide faster adsorption rate and larger adsorp-
tion capacity in the adsorption application of Cu(II). The compari-
son of structures is listed in Table 1.
From the above results, the chitosan/silica hybrid microspheres
cannot only have higher mechanical intensity but also have faster
adsorption rate and larger adsorption capacity compared to the
porous chitosan microspheres, which is very helpful to the practi-
cal applications. Compared to the other methods, microﬂuidic
method has the advantages of stable yield, uniform particle sizes
with a narrow size distribution, good process repeatability. The
key not only lies in the monodispersity but also the controllable
structures and size which is due to microﬂuidic technology. It
means that the microspheres with uniform size and structures
can be repeated easily which is very important for adsorption
experiments and good productivity. So we can use the monodi-
spersed beads for the optimization of structures for Cu(II) adsorp-
tion. In the following sections, we will investigate the effects of
pre-solidiﬁcation time and composition on the structure and per-
formance of the hybrid microspheres.3.2. The effect of pre-solidiﬁcation time on the structures and
properties of hybrid microspheres
The aqueous solution with 1.0 wt.% TEOS, 2.0 wt.% chitosan and
2.0 wt.% acetic acid was used as dispersed phase to prepare hybrid
microspheres with different pre-solidiﬁcation time. The hybrid
microspheres have uniform size distribution and good sphericity,
as shown in Fig. 2a. And the hybrid microspheres are porous both
on the surface and in the interior except that the microspheres pre-
solidiﬁed for 9 h have relative compact surface, as shown in
Fig. 2b–k. The porosity on the surface becomes smaller with the
increasing of pre-solidiﬁcation time and it shows spongy in the
interior. It is because that the water in the microspheres was ex-
tracted out of the spheres gradually and the glutaraldehyde in
the solidiﬁcation bath diffused into the spheres to crosslink with
chitosan. Then the speciﬁc surface area would be smaller gradually.
The pores in the interior also decrease gradually with the pre-
solidiﬁcation time increasing, as shown in Table 2. It shows that
hybrid microspheres have large pore volume and speciﬁc surface
Table 3
The mechanical intensity of hybrid microspheres with different pre-solidiﬁcation
time.
Pre-solidiﬁcation time (h) 2 3 5 7 9
Mechanical intensity (MPa) 0.4 0.53 0.7 0.8 0.85
Table 4
The mechanical intensity data of hybrid microspheres.
Diameter (lm) 420
TEOS concentration (%) 0 0.5 1.0 1.5 2.0
Mechanical intensity (MPa) 0.35 0.48 0.53 0.66 0.7
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pores with diameter of about 2 lmwhich can be seen directly from
the SEM image and mesopores as shown in the table. These mesop-
ores could be very helpful to increase the adsorption capacity.
Fig. 3 shows the adsorption kinetic curves of the hybrid micro-
spheres with different pre-solidiﬁcation time. The adsorption
capacity reaches the maximumwhen the microspheres were solid-
iﬁed for 3 h and then decreases with the increasing of solidiﬁcation
time, which is due to the consumption of –NH2 through the reac-
tion between chitosan and glutaraldehyde. It has been proved that
the crosslinking between chitosan and glutaraldehyde cannot only
reduce the adsorption capacity but also decrease the adsorption
rate [3]. Although the –NH2 in microspheres solidiﬁed for 2 h
was more than those solidiﬁed for 3 h, there were almost bigger
pores in the interior which was disadvantageous for the exposure0 1 2 3
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Fig. 4. (a–f) SEM image of hybrid microspheres solidiﬁed for 3 h with different TEOS con
0.5%, 1.5% and 2.0% TEOS in the dispersed phase, respectively.) (g) The adsorption kinetof –NH2 for adsorption. By comparing Fig. 2c and e, it can be found
that the beads solidiﬁed for 2 h have lots of large pores of about
5 lm while those solidiﬁed for 3 h have large pores of about
3 lm. By comparison, the adsorption capacity of hybrid micro-
spheres was lower than porous chitosan microspheres when the
solidiﬁcation time reached 9 h. Furthermore, because of the micro-
spheres being porous, the adsorption would reach equilibrium
when adsorption time was about 6 h. Then the mechanical inten-
sity of hybrid microspheres with different solidiﬁcation time was
studied, as shown in Table 3. As predicted, the mechanical property
of the hybrid microspheres is enhanced with the solidiﬁcation time
increasing.
Therefore, in consideration of both adsorption and mechanical
properties, 3 h was the optimized pre-solidiﬁcation time for the
porous hybrid microspheres.4 5 6 7 8
/ h
0.5%
1%
1.5%
2%
tent in the dispersed phase. ((a–b), (c–d) and (e–f) are the hybrid microspheres with
ic curves of hybrid. microspheres.
Table 5
Maximum adsorption capacity (mg/g) and adsorption time of different adsorbents for Cu(II).
Adsorbents Maximum adsorption capacity (mg/g) Adsorption time (min)
SBA-15 grafted with aminopropy and then calcination (G-SBA-15-N-C) [24] 15(C0 = 100 ppm) 120
Chitosan-cellulose (non-crosslinked) [3] 51(C0 = 100 ppm) 700
Chitosan-cellulose (crosslinked) [3] 37(C0 = 100 ppm) 500
Silica/chitosan composite (420 lm) (present work) 53(C0 = 100 ppm) 360
88 H. Zhao et al. / Chemical Engineering Journal 229 (2013) 82–893.3. The effect of TEOS content on hybrid microspheres’ structures and
properties
With the optimized pre-solidiﬁcation time of 3 h, the optimal
TEOS content in the dispersed phase was studied. The hybrid
microspheres pre-solidiﬁed for 3 h with TEOS content from 0.5%
to 2.0% show porous structures both on the surface and in the inte-
rior, as shown in Fig. 4a–f. Then the microspheres were applied in
the adsorption of Cu(II). It could be seen that the maximum
adsorption capacity is obtained when the concentration of TEOS
was 1.0%, as shown in Fig. 4g. The main reason may be that the ex-
posed –NH2 amount reduced when the content of silica increased
and then hindered the adsorption of Cu(II). The effect of TEOS con-
tent on the mechanical property of hybrid microspheres had also
been investigated, as shown in Table 4. The mechanical intensity
of hybrid microspheres increased with the TEOS content increas-
ing, which was beneﬁcial to the practical application. By combining
with the adsorption properties, 1.0% TEOS is the optimized amount
in the dispersed phase for the porous hybrid microspheres.
Integrating above results, 1.0% TEOS and 2.0% chitosan in the
dispersed phase and pre-solidiﬁcation time of 3 h is the optimized
experimental condition for the porous hybrid microspheres in the
adsorption of heavy metal ions. The mechanical intensity and
adsorption rate of the porous hybrid microspheres are 1.5 times
larger and two times faster than the porous chitosan microspheres.
In addition, the adsorption capacity could also been increased by
25%. The chitosan/silica hybrid microspheres with porous structure
and large speciﬁc surface area have advantages in mechanical
property, adsorption of heavy metal ions such as Cu(II) and being
collected easily. By compared with the published work, the porous
chitosan/silica hybrid microspheres also have advantages in its
adsorption performance, as shown in Table 5.4. Conclusions
Porous chitosan/silica hybrid microspheres with large speciﬁc
surface area and good mechanical property were successfully pre-
pared by using a facile and controlled microﬂuidic technology and
they had good adsorption performance of heavy metal ions such as
Cu(II). The effects of pre-solidiﬁcation time and TEOS content in the
dispersed phase on the structure and performance of the hybrid
microspheres were systematically studied. 1.0% TEOS and 2.0%
chitosan in the dispersed phase and pre-solidiﬁcation time of 3 h
is the optimized experimental condition for the porous hybrid
microspheres in the adsorption of Cu(II). In the optimum condition,
the porous chitosan/silica hybrid microspheres have higher
mechanical property, faster adsorption rate and larger adsorption
capacity compared to the porous chitosan microspheres. The
mechanical intensity and adsorption rate of the porous hybrid
microspheres are 1.5 times larger and two times faster than porous
chitosan microspheres, respectively. And the adsorption capacity is
increased by 25%. The chitosan/silica hybrid microspheres with
porous structure and large speciﬁc surface area have advantages
in mechanical property, adsorption of heavy metal ions such as
Cu(II) and being collected easily. By Comparing the adsorption
performance of the porous hybrid microspheres with otheradsorbents, it shows the porous chitosan/silica hybrid micro-
spheres also have advantages in its adsorption performance.
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